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ABSTRACT: Cocaine addiction is a psychosocial disorder induced by the chronic
use of cocaine and causes a large number of deaths around the world. Despite
decades of e�ort, no drugs have been approved by the Food and Drug
Administration (FDA) for the treatment of cocaine dependence. Cocaine
dependence is neurological and involves many interacting proteins in the
interactome. Among them, the dopamine (DAT), serotonin (SERT), and
norepinephrine (NET) transporters are three major targets. Each of these targets
has a large protein�protein interaction (PPI) network, which must be considered in
the anticocaine addiction drug discovery. This work presents DAT, SERT, and NET
interactome network-informed machine learning/deep learning (ML/DL) studies of
cocaine addiction. We collected and analyzed 61 protein targets out of 460 proteins
in the DAT, SERT, and NET PPI networks that have su�ciently large existing
inhibitor datasets. Utilizing autoencoder (AE) and other ML/DL algorithms,
including gradient boosting decision tree (GBDT) and multitask deep neural
network (MT-DNN), we built predictive models for these targets with 115 407 inhibitors to predict drug repurposing potential and
possible side e�ects. We further screened their absorption, distribution, metabolism, and excretion, and toxicity (ADMET)
properties to search for leads having potential for developing treatments for cocaine addiction. Our approach o�ers a new systematic
protocol for arti�cial intelligence (AI)-based anticocaine addiction lead discovery.

1. INTRODUCTION
Cocaine abuse is a serious public health concern in the United
States (US) and around the world. It is associated with a series
of medical complications, including increased risk of HIV
(human immunode�ciency virus), hepatitis B, and heart
disease. In addition, it is also associated with rising rates of
crime and violence.1�3 Despite signi�cant attention to discover
e�ective pharmacotherapies for the treatment of cocaine
dependence, no e�ective medication has been approved by
the US Food and Drug Administration (FDA).

Cocaine is a tropane alkaloid and a stimulant drug with
signi�cant addictive potential. It is a nonselective inhibitor of
monoamine transporters including dopamine (DAT), seroto-
nin (SERT), and norepinephrine (NET) transporters.4�6 By
binding to these transporters, cocaine blocks reuptake of
dopamine, serotonin, and norepinephrine, leading to higher
synaptic and extracellular concentrations of these critical
neurotransmitters. Cocaine elicits psychostimulant activities
through increased activation of the monoamine receptors on
post-synaptic neurons and can cause enhanced euphoric
experiences.

The rewarding and addictive e�ects of psychostimulants are
directly associated with the increased levels of dopamine in the
nucleus accumbens (NAc),7 which is a critical component of

the mesolimbic and mesocortical dopamine pathways. This
pathway originates from the ventral tegmental area of the
midbrain and terminates with dopamine release in NAc8

contributing to stimulant reward.7 DAT is considered to play a
primary role in the addictive e�ect of cocaine. Because of the
critical role of DAT in cocaine addiction, many experimental
medications have targeted the dopamine system.9,10

In addition to DAT, SERT also plays an important role in
cocaine pharmacology. In vivo studies in rats demonstrated
that enhanced dopamine transmission by acute cocaine
intoxication in the nucleus accumbens is accompanied by
elevated release of serotonin.11 Moreover, cocaine withdrawal
is associated with decreased serotonin in nucleus accumbens in
microdialysis studies.12,13 Mice with genetic deletion of DAT
still show the rewarding e�ects of cocaine and cocaine
conditioned place preference,14 which suggests non-DAT
targets contribute to psychostimulant e�ects. However,
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combined dopamine and serotonin transporter knockouts
eliminate cocaine place preference in mice, indicating that
SERT makes a key contribution.15,16

Serotonin neurons originate in the raphe nuclei of the
midbrain and are found in various regions of the brain,
including a dense innervation of terminals to ventral
tegumental area (VTA) and nucleus accumbens (NAc).17

Cocaine-induced elevated extracellular levels of serotonin
hyperactivate serotonin receptors in these and other brain
regions. The actions of serotonin are mediated by at least 16
receptor subtypes that are grouped into seven families.18

Di�erent receptors likely serve di�erent modulatory e�ects due
to various neurochemical mechanisms with serotonin.
Serotonin 1A receptor (5-HT1A) is one of the most important
receptors, existing pre- and post-synaptically in many brain
areas,19 and is involved in nearly all serotonin-mediated e�ects.
Another family of serotonin receptors, including 5-HT2A and 5-
HT2C, is associated with impulsivity and cue reactivity to
cocaine. Either selective 5-HT2A antagonist or 5-HT2C lessen
impulsivity and cocaine-seeking in animal models, and the
synergism of pharmacotherapeutics targeting these receptors
was reported to attenuate a variety of aspects of cocaine
relapse.20 Some studies show that 5-HT3 receptor antagonists
also have potential therapeutic e�cacy in curbing systems of
cocaine consumption21 or are e�ective in abolishing restate-
ment of cocaine self-administration.21 Preclinical studies in rats
show that serotonin-enhancing medications could help
decrease self-administration of cocaine,22,23 although selective
serotonin reuptake inhibitors gave mixed results for treating
cocaine addiction in clinical trials.24

Many noradrenergic neurons are localized in brainstem
nuclei, while noradrenergic axons project virtually everywhere
in the brain.25 NET is in the plasma membrane of
noradrenergic neurons and plays a primary role in the
inactivation of noradrenergic signaling by reuptake of
synaptically released norepinephrine (NE). Cocaine causes
elevated synaptic concentration of NE by its competitive
binding to NET and subsequently increases activation of post-
synaptic NE receptors.26 NE is a crucial neurochemical
messenger in central noradrenergic and peripheral sympathetic
pathways, and its e�ects are mediated by three families of
adrenergic receptors: �1, �2, and �.27 Stimulation of �1-
adrenergic receptors on VTA dopaminergic neurons28 or those
in the prefrontal cortex29 promotes activity of dopaminergic
neurons in the VTA. Preclinical studies found that the
noradrenergic system plays a role in mediating stress-induced
reinstatement of cocaine seeking. Experiments on rats found
that both �2 receptors agonists and �1- and �2-adrenergic
receptor antagonists can reduce stress-induced cocaine-seeking
behavior.30,31 Some clinical studies suggest that adrenergic
blockers are e�ective for cocaine dependence treatment in
patients with severe cocaine withdrawal symptoms32 and are
useful in reducing cocaine self-administration.33 Serotonin and
norepinephrine reuptake inhibitor (SNRI) administration was
proved to be e�ective in attenuating cue-induced relapse to
cocaine seeking after abstinence in rodents.34 Clinical studies
on a small group of subjects indicated that SNRIs may have
therapeutic potential for cocaine dependence treatment.35

These studies indicate the promise of mediating noradrenergic
signaling for the treatment for cocaine dependence.

DAT, SERT, and NET are targeted by cocaine. However,
cocaine addiction involves many more proteins in their
interactome with complicated molecular and functional

interactions, as well as a signi�cant number of proteins
upstream and downstream. The three transporters or related
receptors in their protein�protein interaction networks are of
frequent focus for the therapeutic treatment of stimulant
dependence with the goals of an initial period of abstinence
and reduced incidence of relapse.36 On the one hand,
antagonists of these proteins could be potential therapies or
assist with abstinence. The side e�ects and addictive liability
from such antagonists in the interactome network should be a
concern. This motivated us to carry out an interactome-
informed systematic investigation of the potency and o�-target
side e�ects of antagonists pertaining to speci�c protein targets.
A priority concern is potential e�ects on the human ether-a-go-
go (hERG) potassium channel, and the FDA included hERG
side e�ects in the most recent regulations.37

Protein�protein interaction (PPI) networks involve both
direct (physical/chemical) and indirect (functional) inter-
actions and associations,38 where a connection represents two
proteins jointly contributing to a speci�c biological function
even without direct physical/chemical interaction. Interactome
provides a large number of proteins associated with a speci�c
disease, facilitates the understanding of pathogenic mecha-
nisms underlying the cause and progression of diseases, and
promotes development of novel disease treatments. The
analysis of PPIs on the proteome scale is a promising approach
for the design of novel treatments for cocaine addiction as well
as potential side e�ects. Many interacting proteins in the
interactome are collected in the String database,38 which
makes it possible for interactome-informed systematic analysis
of compounds targeting pathways related to cocaine addiction.

In our previous work,39 a machine learning/deep learning
(ML/DL) approach was built around a PPI network extracted
from the String dataset and centered on DAT, providing cross-
target binding prediction and searching for potential inhibitors
to treat cocaine addiction. ML/DL models are especially useful
to predict binding a�nities to targets in large-scale PPI
network analysis, in contrast to traditional in vivo or in vitro
experiments, which are time-consuming, expensive, and
ethically constrained due to animal testing. With autoencoder
(AE)-generated representative features for inhibitor molecules,
the gradient boosting decision tree method can be used to
build ML models for the protein targets with su�cient
inhibitor datasets in the PPI network. However, it is very
common that machine learning models may su�er from poor
predictive performance when the training dataset is very small.
Fortunately, multitask algorithms o�er a promising option to
resolve this issue by taking advantage of other similar tasks
with a large dataset.39,40 The philosophy of multitask learning
relies on the explorations of sharing relatedness and trans-
ferring knowledge between tasks, resulting in improved
prediction of models with a small dataset. In this study,
multitask learning becomes a very useful tool to enhance the
model’s predictive power since many protein targets may
belong to the same family, and the underlying molecular
mechanism of protein�ligand binding shares commonalities,
which can be learned by joint training.

In the present work, we extend our earlier e�ort on DAT39

to the SERT and NET networks to perform systematic analysis
on potential therapeutic compounds, side e�ects, and potential
drug repurposing. Models constructed by gradient boosting
decision tree (GBDT) and multitask deep neural network
(MT-DNN) are adopted to accomplish these predictions and
analyses. More extensive and comprehensive investigations are
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implemented by combining the SERT, NET, and previously
studied DAT networks. Special attention to the repurposing
potentials of compounds targeting DAT, SERT and NET, as
well as o�-target side e�ects of inhibitors of these three
transporters in the combined network is considered. Potency,
side e�ects, pharmacokinetic properties, and synthetic
accessibility through ML/DL predictions that form a series
of �lters for screening are evaluated for potential lead
compounds.

2. METHODS
2.1. The Cocaine Addiction PPI Networks. In addition

to DAT, both SERT and NET play modulatory roles in
behavioral responses to cocaine, and their functions may be
pivotal to addiction. They have been frequently investigated to
understand the neurobiology of cocaine addiction, providing
insights for therapeutical intervention.16,41 PPI networks help
to reveal molecular interactions and cellular mechanisms. We
extracted the PPI networks of SERT and NET by respectively
inputting the protein names “serotonin transporter” and
“norepinephrine transporter” in the String Web site (https://
string-db.org/).

Two global networks centered on SERT and NET were
extracted from the String database38 for proteins that have
direct or indirect interactions with SERT or NET. The global
network for SERT is formed of 151 nodes and 1720 edges,
among which a core network with 20 protein nodes that have
direct interaction with SERT protein and total 66 edges are
considered. The global network for NET is composed of 158
nodes and 1791 edges and contains a core network of 14 nodes
and 37 edges.

There are 20 proteins in the core of the SERT network
comprised of SERT itself and 19 other proteins that have
direct interactions with SERT. SERT transports serotonin
molecules from synaptic cleft back into the pre-synaptic
neuron for repackaging and rerelease. It plays a critical role in
mediating the availability of serotonin for other receptors in
the serotonergic system and terminates the e�ects of serotonin
by removing it from the synaptic cleft. It is one of the three
direct targets of cocaine, and its inhibition by cocaine may
contribute to cocaine dependence. 5-HT1A receptor (5-
hydroxytryptamine receptor 1A) and 5-HT2A receptor (5-
hydroxytryptamine receptor 2A) are inhibitory G-protein
coupled receptors for serotonin. Through binding to serotonin,
they mediate hyperpolarization and reduction of the �ring rate

Figure 1. A core and global network centered on DAT, SERT, and NET, as well as the proteome-informed ML work�ow of anticocaine addiction
drug discovery. An autoencoder (AE)-based machine-learning (ML) approach is used to encode inhibitors or antagonists of proteins in the
networks, and ML models are built to predict binding a�nities to each protein. Screening of DAT, SERT, or NET inhibitor datasets and
repurposing of inhibitors or antagonists from other protein targets are two key processes for drug discovery. ADMET screening is performed
following the screening or repurposing process, resulting in potentially nearly optimal leads. Abbreviations for the core SERT network: SERT
(serotonin transporter), HTR1A (5-hydroxytryptamine receptor 2A), HTR2A (5-hydroxytryptamine receptor 2A), BDNF (brain-derived
neurotrophic factor), CANX (calnexin), PPP2R4 (serine/threonine-protein phosphatase 2A activator), PPP2CA (serine/threonine-protein
phosphatase 2A catalytic subunit alpha isoform), SEC24B (protein transport protein Sec24B), SEC24C (protein transport protein Sec24C),
STX1A(syntaxin-1A), TPH1 (tryptophan 5-hydroxylase 1), TPH2 (tryptophan 5-hydroxylase 2), DDC (dopa decarboxylase), mGluR2
(metabotropic glutamate receptor 2) and SNAP-25 (synaptosomal-associated protein, 25 kDa). Abbreviations for the core NET network: NET
(sodium-dependent noradrenaline transporter), VMAT2 (synaptic vesicular amine transporter), ADCY7 (adenylate cyclase type 7), RSC1A1
(regulatory solute carrier protein family 1 member 1), SCRT1 (transcriptional repressor scratch 1), SLC5A2 (sodium/glucose cotransporter 2),
SLC5A4 (solute carrier family 5 member 4), SNCA (alpha-synuclein), TH (tyrosine 3-monooxygenase), DBH (dopamine beta-hydroxylase).
Abbreviations for the core DAT network: DAT (dopamine transporter), D1R (dopamine receptor 1), D2R (dopamine receptor 2), and D3R
(dopamine receptor 3).
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